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ABSTRACT 
Several superstructures located throughout the country con-
tain welded web attachments possessing questionable fatigue lives. 
The main objective of this thesis is the determination of the fatigue 
life of two commonly found web attachments. The first attachment 
under investigation includes a flange plate passing through the web 
of a girder and welded on one or both sides. The second detail in-
corporates flange plates, welded up agai~st both sides of the girder 
web without any penetration into the web. The failure on the Dan Ryan 
Rapid Transit Line in Chicago and the cracking observed in the Girard 
Point Bridge in Philadelphia both involved details of this nature. 
The stress concentration distribution along the eventual 
crack path is determined and translated into a stress intensity cor-
rection factor through use of Green's Function proposed by Albrecht. 
The interactions of the stress distribution correction factor with the 
corrections for crack shape and free surfaces are evaluated. These 
expressions are then used to predict the fatigue lives of the details. 
The predicted fatigue life under cyclic stress for the de-
tail without web penetration and for the detail with penetration, in a 
relatively thin web, agreed with test results. The predictions and 
the test results fall within the fatigue limits currently set by AASHTO 
for Category E. Tests with web penetrations in girders with thick 
webs typically gave results much more severe than that incorporated 
within Category E. This can be attributed to lack of fusion in the 
web behind the weld. The applicability of Category E to such a detail 
is dependent upon the thickness of the web to which it is attached. 
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1. INTRODUCTION 
1.1 Problem and Solution Approach 
The problem under investigation in this report concerns the 
fatigue life of welded web details. There are two details of major 
concern in the study. The first incorporates a girder web penetrated 
by the flange of a beam running through it. The flange of the beam 
is then fillet welded to the girder web. This type of configuration 
produces an undesirable welded detail that is susceptible to fatigue 
damage. Several such details are located on the steel box girder 
bents supporting the Dan Ryan Elevated Rapid Transit Line in Chicago. 
On January 4, 1978 a crack was observed in one of the steel 
box bents supporting the Chicago Transit Line1 • Subsequent inspec-
tion by Chicago Trans~t Authority inspectors verified the existence 
of this crack and also revealed that two other bents were cracked as 
well. The locations are shown in Fig. 1.1. Cracks appeared along 
the full 1.68 meter (5.5 ft.) depth and along the bottom of three box 
girders that form the top members of bents supporting tracks of the 
nine year old transit structure. The elevated line and a suburban 
line running underneath it were closed down. Consultant to Chicago's 
Regional Transportation Authority said that failure might have re-
sulted from stress concentrations in structural design and welding 
details, which can cause brittle failure and fatigue. ·-He also theo-
rized that low temperatures may have had something to do with the 
cracks 1 • 
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A meeting of technical experts investigating the failures 
led to the conclusion that a welding design fault may have been the 
prime cause for the large crack2 • Because many highway bridges use a 
design similar to the Chicago structure, a letter was sent alerting 
the administration of the Federal Highway Administration. The letter. 
urged notification of state highway officials "so they can promptly 
safeguard the structural integrity of similar bridges." 2 
Chicago's commissioner of public works and a leader of the investi-
gation into the failure, says, "Stress concentration at the point of 
crack origin, fatigue cracking, and cold termperature" may have 
caused the crack. He adds: "The susceptibility of this particular 
type of weld junction to fatigue work growth and fracture was not 
anticipated from information available in the 1960's," when the 
structure was designed • The cracks originated at the juncture be-
tween the box girder and beams that pierce the boxes at angles. The 
bottom flange of the beams pierce the box but the web does not. The 
crack started at the point where the lower flange of the beam was 
welded to the box girder. From the point of origin, the crack went 
around the bottom and up the opposite sides of the 0.91meters (3ft.) 
wide, 1.68 meters (5.5 ft.) deep box girders. This is shown in 
Fig. 1.2. 
A report on the causes of fracture of the Dan Ryan Rapid 
Transit bents was prepared by the Technical Committee during May, 
1978. A detailed fractographic examination of the fracture .. surface 
from the cracked steel pier bents has shown that these fractures all 
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originated from fatigue cracks. Figure 1.3a shows a portion of the 
web plate removed from pier number 24. Figure 1.3b was taken at a 
magnification of 22,000 X and shows the striations reminiscent of 
fatigue crack growth. The report also indicated that during fabrica-
tion, slots for the stringer flange were flame cut into the box girder 
webs. The stringer bottom flange was then inserted through these 
slots and connected to the web by welds. This connection resulted in 
a weld around the slot and left an interior portion of the flange 
edge to the web plate junction unwelded. The high stress concentra-
tion that existed at the weld adjacent to the flange edge resulted in 
a joint that was very susceptible to fatigue crack propagation at 
very low levels of stress range. An examination of the crack surface 
near the flange edges indicated that fatigue cracks had formed under 
the repeated load application of the Dan Ryan trains. 
The fatigue cracks at the stringer flange edge reached a 
critical condition at the low temperatures that were experienced in 
Chicago in late December, 1977, and early January, 1978. All of the 
conditions necessary for fracture of the box bent existed at that time: 
{1) a crack as a result of fatigue in the weld and the presence of an 
unfused region in the box web, (2) a reduced material fracture tough-
ness at the lower service temperature, and (3) high tensile stress at 
the crack tips in the bent web primarily from the weld constraint con-
ditions at the welded intersection of the stringer flange and bent 
web. These three conditions occurring simultaneously caused the 
fractures which were found in early January, 1978 3 • 
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.. 
The effects of the third condition listed above dealing with 
the geometry of the welded members at the connection, is the item 
under investigation here. The second detail under consideration in-
corporates a flange plate welded on both sides of the web. This de-
tail does not result in penetration of the web. This results in a 
joint which may also be critical. In order to investigate this con-
dition, analytical studies were undertaken. This investigation is 
primarily concerned with the case where the flange does not pass 
through the web. An approximation to the fatigue life of welded de-
iails of such geometries is the solution desired. 
The approach used to solve this problem required the deter-
mination of the stress distribtuion at the weld toe thr·ough the thick-
ness of the web plate. The finite element method was utilized to 
analyze stress distributions in similar web details with various 
dimensions. The evaluation of the fatigue strength is then made pos-
sible with the use of fracture mechanics equations described herein. 
The fatigue strength is estimated in terms of the nominal live load 
stress in the girder web and the anticipated number of load cycle to 
failure. Faiure is when a fatigue crack would have grown in size to 
the critical dimensions which would cause sudden brittle fracture 
under adverse conditions. 
1.2 Objectives and Scope 
The principal objective of this study is the development of 
a fatigue life prediction for the case of a flange framing into the 
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web. The 1977 AASHTO Bridge Spectification4 proclaim that stress 
range, S , and the category of detail are the parameters which 
r 
are most influential on fatigue life. The allowable stress range 
values in Table 1.1 (AASHTO Table 1.7.3B4 ) are extracted from the 
5 Fisher experimental S -N curve of Fig. 1.4 . These curves represent 
r 
95% confidence limits (in cycles) for 97.5% survival at a given stress 
da 
range. The fatigue crack growth per cycle, dN , can be empirically 
related to stress intensity factor, K, from linear fracture mechanics6, 
as follows: 
da n 
- = c (lll<) dN (1-1) 
where ~K is the range of stress intensity factor and C and n are based 
on material properties. By rearranging Eq. 1-1 and integrating be-
tween the initial and final crack size, the number of cycles, N, can 
be predicted as 7 af 
N =if 
a. 
l. 
1 da 
(~K)n 
Including the stress range in the expression 7 : 
af 
N ~! 1 da S -n = = (~r r a. l. 
(1-2) 
A S -n 
r 
(1-3) 
The term A represents the parameter which Fisher experimentally found 
changed values fnr different types of details and therefore resulted 
in various category curves (Fig. 1 .4) 5 • The slope of these log-log 
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curves, -n, is approximately constant at -3.0 for all categories 7 • 
Fatigue life prediction for crack propagation squarely rests on the 
evaluation of the stress intensity factor range for the detail. The 
range of stress intensity factor is often expressed as 6K adjusted 
by correction factors 7 
6K = CF x S ,;.rra: 
r 
(1-4) 
F is the correction associated with a ~ree surface at the crack ori-
s 
gin (the front free surface), FW accounts for a free surface at some 
finite length of crack growth (also called the back surface of finite 
width connection), and FE adjusts the shape of crack front (often 
assumed to be elliptical with major semidiameter b and 'minor semi-
diameter a). F is the factor which accounts for either a nonuniform g 
applied stress, such as bending, or a stress concentration effected 
by the detail geometry. 
Values of the various correction factors are dependent on 
the specific overall geometry, crack shape, and distribution of 
applied stress. Practical bridge details present distinct analytical 
difficulties - particularly in evaluating Fe's. Numerical techniques 
such as the finite element method normally must be employed. Based 
on Eq. 1-2 life prediction involves summing the cycle lives for incre-
ments of crack growth. F G as well as other co.rrection factors must 
be known for each increment. The method used to determine FG will be 
that used by Zettlemoyer 7 • The method is based on the concept that 
it is possible to describe known stress intensity solutions, for 
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stresses on concentrated loads applied directly to crack surfaces, as 
Green's Functions for loading remote from the crack. The stress or 
concentrated load is simply adjusted to suit the stress distribution 
along that plane with the crack absent. Depending on which Green's 
Function is used, FG alone or a combination of correction factors can 
be evaluated. The only requirement is that the crack path be known. 
The objective of this study is reached in three stages. 
First, a two dimensional stress analysi~, using finite elements, is 
made of the detail with particular geometries. The stress distribuion 
and maximum stress concentration factor, SCF, along the eventual 
crack path are determined. Second, these distributions of stress 
are transformed into distributions of FG by application of an appro-
priate Green's Function. Finally, the FG decay function is used along 
with the other appropriate correction factors to predict the fatigue 
life of the detail. 
Several parameters will be changed to determine their 
effect on the FG decay function. These parameters include the length, 
B, and width, WF, of the flange plate welded to the web, the thickness 
of the web of the girder, TW' and the angle made by the fillet weld 
to the web plate. The latter parameter was included after the 
examinations of this detail in actual structures. The weld angle in 
several instances was much greater than the normal 45° fillet weld. 
Since increasing the angle will increase the stress concentration, it . 
will have a significant effect on the fatigue life of the structure. 
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An existing finite element computer program, SAP IV 8 , is 
incorporated into the stress analysis. The program is for use with 
linear elastic systems and does not provide special elements for 
stress singularity conditions. To avoid this problem, a proper mesh 
size will be chosen in regions of high stress concentration. 
1.3 Summary of Previous Work 
Fatigue strength of welded bridge joints becomes a topic of 
serious investigation in the latter part of the 1950's. More recent 
work expanded the investigations experimentally and employed fracture 
mechanics to explain fatigue behavior of welded connections 7 , 9 , 10 , 18 • 
Reasonable estimates for FG were still not available and crude assump-
tions forK had to be made. Bowie's work initiated accurate analysis 
of the influence of stress concentration on stress intensity on 
cracks emanating from circular holes. Considering fillet welded 
connections, Frank's work on cruciform joints marks an early inten-
sive effort to develop an expression for FG9 • A similar study was 
pursued by Hayes and Maddox shortly thereafter 10 • Zettlemoyer 
explains the pros and cons of their studies in Ref. 7. 
The Green's Function technique recently became popularized 
by Kobayashi, who successfully estimated Bowie's results 11 • Albrecht 
was apparently the· first to have sought FG for fillet welded joint 
using a Green's Function 12 • Zettlemoyer developed FG correlations 
for several geometries. He studied stiffeners fillet-welded to 
flanges, cover plates with transverse end welds, and gusset plates 
-9-
groove-welded to flange tips. No intensive analytical study of a 
flange penetrating or framing into a web has been undertaken to 
date. 
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2. STRESS CONCENTRATION FACTOR - SCF 
The stress concentration factor of a welded detail plays a 
major role in distinguishing the various AASHTO fatigue categories. 
The FG correction factor relates the existence of stress gradient or 
stress concentration in the stress intensity expression (Eq. 1-4). 
The computation of an expression for FG is based on the knowledge of 
the stress concentration distribution along the eventual crack path. 
Therefore, the stress concentration, ~, at any point in the un-
cracked section must be determined in order to estimate FG. In 
order to determine~, the finite element technique will be 
incorporated. 
The stress concentration factor is defined as the actual 
stress at a point in a given direction divided by the nominal stress 
at the same point and in the same direction13 • For the case of crack 
propagation, the critical stress at a point is in a direction perpen-
dicular to the crack path and may or may not be in the same direction 
as the nominal stress. As pointed out by Zettlemoyer', cracks will 
grow perpendicular to the direction of the principal stress at the 
crack tip. Therefore, the maximum stress at the center of each 
finite element, along the assumed crack path, will be designated as 
KT for that value of crack length, a. 
Finite element stress analysis requires assumptions on 
material properties. In all subsequent work the material is con-
sidered to be linear elastic, isotropic, and homogeneous, including 
-11-
even the weld region. Young's modulus, E, is taken as 204,000 MPa 
(29600 ksi), Poisson's ratio, v, is set at 0.30. 
2.1 Geometry of Detail 
A typical detail of the beam flange to girder web connection 
is shown in Fig. 2.1. This particular detail is located on the 
Girard Point Bridge. The longitudinal beam flanges pass through the 
main girder webs and are welded in placg. Other structures use 
similar details with the exception that the flanges are welded on 
each side of the girder web. These details would not incorporate 
web penetration. After welding,the detail looks identical to that 
of one.where a plate actually pierces the other, as in Fig. 2.1. To 
find out the effect of each dimension on the stress concentration, 
five different models we·re examined changing one parameter at a 
time. Figure 2.2 defines each parameter while Table 2.1 summarizes 
the dimensions used for each model. In actual structures containing 
this detail, the width of the flange plate, WF' is as large as the 
length of the beam. To include the entire length of the beam in the 
finite element analysis would be very expensive and actually unneces-
sary. The area of interest is around the toe of the fillet weld in 
the web. The width of the plate used in the analysis should be large 
enough to add to the stiffness of the web and create a stress concen-
tration at the weld toe. To insure this effect, the width of the 
flange plate, WF' will be at least equal to the length of the flange 
plate, B, as in model No. 1. 
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Referring to Fig. 2.2, symmetry was assumed about the flange 
plate midlength and the web centerline. The implied symmetrical 
flange plates on opposite sides of the web simulate beams welded to 
both sides of the web. For the first five models, the depth of the 
web, d , was taken as the full depth of the girder web. The thickness w . 
of the flange plate, TF' was also held constant at a realistic value 
as shown in Table 2.1. In order to achieve a more accurate account 
of the stress concentration decay profile in the web, in the plane 
of the flange plate, it was necessary to reduce the depth of the web, 
d , in the finite element model to a value equal to the thickness of 
w 
the flange plate, TF. Models No. 1, 4 and 5 were then modified into 
lA, 4A and SA with the change in thickness. These last- three models 
showed the effect of the weld angle on the stress concentration 
factor being that the angle was the only parameter that changed 
between the models. In all models that were analyzed, a uniform 
tensile stress was input through the web plate thickness. The stress 
input was then used as the nominal stress to determine the stress 
concentration factor. 
2.2 Finite Ele~ent Model 
The finite element program used in this study was SAP IV, 
a structural analysis program for static and dynamic response of 
linear elastic systems 8 • By taking advantage of symmetry along the 
flange plate midline and the web centerline, only one-quarter of the 
connection detail needed to be discretized. Plane stress finite 
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elements were used with the appropriate boundary conditions along the 
lines of symmetry. 
The stress concentration analysis procedure follows 
Fig. 2.3. The procedure begins with uniform stress input to a two 
dimensional coarse mesh. All out of plane effects are neglected. 
It is then necessary to go to a fine mesh, still incorporating plane 
stress elements, which make use of nodal displacements from the 
coarse mesh. The object is to get a fine mesh, in the area of inter-
est, which contains elements whose size is equivalent to the average 
initial flow size. The size in question is roughly 0.075 mm 
(.003 in.). If the fine mesh does not reduce the size of the element 
to the initial flaw size, it is then necessary to develnp an ultra-
fine mesh which makes use of nodal displacements from the fine mesh. 
The basic coarse mesh used for all of the models is shown 
in Fig. 2.4. Small modifications were made due to changing para-
meters. The boundary conditions prevented nodal displacements per-
pendicular to the lines of symmetry at nodes that were located on 
either or both lines of symmetry. 
The region of interest for highest stress concentration is 
in the vicinity of the weld toe in the web plate. Figures 2.5 
through 2.8 present the typical fine mesh discretization and imposed 
boundary displacements derived by linear interpolation from the out-
put of the coarse mesh (Fig. 2.4). Figures 2.9 and 2.10 present the 
ultrafine mesh discretization and the imposed boundary displacements 
derived, again, by linear interpolation from the output of the fine 
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mesh (Fig. 2.5). The validity of using linear interpolation while 
substructuring is discussed by Zettlemoyer in reference No. 7. Once 
the required mesh size is achieved, the stress concentration factor, 
SCF, is the maximum centroidal concentration factor found in any of 
the fine elements. 
2.3 Results 
The objective of the phase of the investigation is to deter-
mine the stress concentration decay at the weld toe through the thick-
ness of the web plate. The values of ~, computed at various points 
through the thickness of the web, can then be used to calculate FG 
for the particular detail. The conversion of ~ to FG will be dis-
cussed in Chapter 3. 
To simplify the results of the stress analysis, a stress 
of 6.895 MPa (1 ksi) was input to the web plate in all of the coarse 
mesh runs (see Fig. 2.2). The stress output for the elements was 
then equal to the stress concentration that is required. Table 2.2 
summarizes the results for the five models that were run with the 
depth of the web, d, equal to 0.381 meters (15 in.). The results 
w 
of this study revealed the effect of each parameter on the stress 
concentration factor. When studying the ratio of SCF to SCF of the 
base model (model 1) for each model listed in Table 2.2, the critical 
parameters become evident. Models 1, 2 and 3 had similar maximum 
stress concentration factors (SCF). This indicates that the width of 
the flange plate welded to web and the thickness of the web itself 
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have little influence on the stress concentration factor. The 
dramatic increase in the stress concentration going from model 1 to 
model 4 and then to model 5 reveals the significance of the weld 
angle to SCF. 
The effect of the thickness of the web is different for the 
case of web penetration than for the case without. When the flange 
plates are welded to both sides of the web, as in the detail being 
modeled, there is no lack of fusion reg~on within the web. This 
means that there is no additional stress concentration due to an 
interior flaw. For the case involving web penetration, an unfused 
region develops as the thickness of the web plate increases. This 
is due. to the inability of the weld to penetrate into the thicker 
member. The unfused region in the center of the web can be treated 
as an embedded crack. This can be incorporated in the model by the 
use of superposition. This condition will be treated in Chapter 6. 
The case of no penetration will be considered here. 
Models 1, 4 and 5 were rerun with the web depth, d , equal 
w 
to the thickness of the flange, TF. The result would be more reflec-
tive of the actual stress conditions along the midplane of the flange 
plate. Table 2.3 lists the location and~ value for all of the 
elements through the thickness of the web. Figure 2.11 is a plot 
of the values of Table 2.3. Models lA, 4A and SA, as plotted in 
Fig. 2.11, will be considered for fatigue life estimation in the fol-
lowing chapter. 
-16-
3. STRESS GRADIENT CONNECTION FACTOR- FG 
3.1 Crack Path 
In order to use the Green's Function approach to a stress 
intensity solution the crack path must be known. Stress perpendicu-
lar to the crack plane is evaluated and used to predict FG at any 
crack length. Thus, FG relates only to the crack opening mode of 
displacement (Mode I) 14 • Shearing stresses in the plane of the 
crack resulting in Mode II or Mode III displacements are neglected. 
Crack paths tend to follow the principal stress trajectories 7 • A 
crack originates first at a location of maximum tensile stress and 
propagates along the minimum principal stress trajectory through 
that origin. 
The minimum principal stress trajectory and a crack line 
constantly perpendicular to the applied stress represent the physical 
limits of the path. The distance over which deviation from a 
straight perpendicular path occurs is likely to be small compared 
to other geometrical parameters. The difference in perpendicular 
stress for the actual and perpendicular path at any given distance is 
not great 7 • Based on the preceding arguments the assumed crack 
path is the straight line through the point of maximum concentration 
and perpendicular to the direction of applied stress. 
-17-
3.2 Green's Function 
The Green's function or superposition approach makes use 
of stress intensity solutions for loading directly on the crack sur-
face. Use of the Green's function suggested by Albrecht and Yamada 
leads to the following stress intensity expression12 
k aha 2 
'IT dL (3.1) 
where a is the nominal stress on the section and ~ is the crack 
free stress concentration factor at position L. Since alrra is the 
stress intensity for a through crack under uniform stress, the stress 
gradient connection factor, F , at crack length a is: g 
F = g 
2 
'IT 
0 
fa /a': L' dL (3.2) 
If the crack length, a, and distance, L, are both nondimensionalized 
by the web thickness T , Eq. 3.2 becomes: 
w 
F ; fa KT dA. g /a.2 - >,.2 0 
where a a and A. L =- =-T T 
w w 
(3. 3) 
It· is possible to express ~ by a polynominal equation such 
as 1 s. 
~ 
SCF (3.4) 
-18-
where A, B, C and D are dimensionless constants. Equation 3.4 can be 
evaluated in a closed-form manner: 
FG 
SCF (3. 5) 
It is difficult to make use of Eq. 3.5 for the detail under investi-
gation since the typical concentration curves are not well suited to 
polynominal representation. Therefore, Eq. 3.2 usually cannot be 
solved in a closed-form manner. However, a numerical solution is 
possible as suggested by Albrecht 12 • 
2 
1T 
m 
I K.r] 
j=l 
(3. 6) 
where K.rj = stress concentration factor in element j of the finite 
element analysis or the average between two adjacent 
L. ,L "l J J• 
elements, both of equal distance along the decay line. 
distance from crack origin to the near and far sides of 
finite element j 
m = number of elements to crack length a 
3.3 Geometry Influence 
Equation 3.6 has been employed to find the FG decay curves 
for models lA, 4A and SA. Table 3.1 lists the value of FG calculated 
at various values of a. A plot_of. Fg vs. a for each model is shown 
-19-
in Figs. 3.1 - 3.3. ~G An equation which estimates SCF at different 
values of a had the form15 • 
1 
= 
The equations derived for each model are found within the curves of 
Figs. 3.1 - 3.3. The curves are only plotted to half of the web 
thickness. They would thereafter begin·to rise again due to the two-
sided flange plates assumed in the finite element analyses. It is ap-
parent that SCF plays an important role in FG curves. Higher SCF 
usually means that FG is larger at small crack sizes but smaller at 
larger· crack sizes. This is because the stress concentration factor 
decay curve, from which FG is derived, must provide for equilibrium. 
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4. OTHER CORRECTION FACTORS 
4.1 Crack Shape and Surface Correction Factors 
Correction factors concerning the crack shape (FE)' the 
front free surface (F )., and the back free ·surface (F ) are used in 
s w 
the stress intensity equation. The formulation for each of these 
correction factors can be found in Ref. 7. 
The crack shape correction factor takes into account the 
trend that surface cracks grow more rapidly at their minor axis ends. 
The crack shape would then eventually approach semicircular condi-
tions. The minor axis length, a, then corresponds to the critical 
crack length parameter, a. 
The front free surface correction factor depends on the 
boundary conditions at the crack origin. For edge cracks F is gen-
s 
erally necessary since stress, not displacement, is zero on the free 
boundary. Attachments such as stiffeners, cover plates, and gussets, 
as well as webs do provide some restriction to displacement at weld 
toes or terminations. However, the inclusion of an F other than 1.0 
s 
usually leads to a lower bound or conservative fatigue life estimate. 
Hence, front free surface displacement restriction by attachments is 
disregarded completely and F is related to simple edge crack 
s 
• 7 
spec~mens • 
The finite width or back free surface correction factor 
amplifies the stress intensity factor as the crack appraches a back 
free surface. 
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4.2 Crack Shape Variation During Growth 
Of the various decisions affecting correction factors, none 
is so important as the crack shape during growth. The fact that in-
vestigators designate the shape as an ellipse is itselfa significant 
approximation. Many cracks are actually irregular in shape 7 • · 
In order to establish a crack shape equation it is neces-
sary to rely on actual physical measurements of crack size during 
growth. Unfortunately, the measurements can only be performed ac-
curately by breaking apart structural details at different stages of 
crack growth. The situation is made much worse by the realization 
that growth characteristics are not the same for all details. The 
complexity and economics involved make it easy to understand why only 
' 
a limited .. :amount of data is available on crack shape variation during 
growth 7 • 
Crack shape ratio, a/b,· is dependent upon several variables. 
One of them is the proximity of free surfaces, as distinguished by 
the ratio a/w. · Another is the overall geometry of the detail which 
affects FG and, in turn, a/b. Therefore, plates of different width 
(or thickness if crack is growing.in that direction) can cause dif-
ferent crack shapes to occur. Also, cracks initiating at several 
sites along a transverse weld toe will coalesce during the growth 
process 17 • A relationship suggested by Maddox18 provides a lower 
bound (conservative) characterization of each crack shape. This equ-
ation is: 
b = 3.355 + 1.29 a (4.1) 
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where a = crack depth and. ellipse minor semidiameter (mm) 
b = half surface length of crack and ellipse major 
semidiameter (mm) 
The relationship suggested in Ref. 7: 
b = 1.296a0 · 946 
was observed to provide an upper bound relationship. 
(4.2) 
When coalescence begins Eqs. 4.6 and 4.7 no longer apply 
since the shape trend is toward flatter rather than more circular 
cracks. Reference 17 suggested the following crack shape relationship: 
b 1.506a1 • 241 (4.3) 
All three of t~e crack shape relationships are plotted in Fig. 4.1. 
The intersection of Eqs. 4.6 and 4.8 is near a crack depth of 4.06 mm 
(.16 in.). These two equations are employed for use with the three 
models under investigation. 
The lower bound relationship developed for full scale 
cover-plated beams was not used in this study because the width of 
weld perpendicular to the stress field was not great. The relation-
ship provided by Eq. 4.3 seemed a reasonable alternative. 
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5. FATIGUE LIFE CORRELATIONS 
5.1 Life Integration 
The unified correction factors developed in Chapters 3 and 
4 can be used in fatigue life predictions. By replacing stress, a, 
with stress range, S , in the stress intensity expressions, the re-
n 
suiting range of stress intensity is inserted in Eq. 1.2. The cyclic 
life is commonly estimated on the basis of the following numerical 
integration: 
where 
1 N=-C 
m 
1 l: ( Av.)n j =1 Lll'\. J 
C = 1.21 X 10-!3 
11/2 
mm 
3 N Cycles 
n = 3.0 
f::.K = range of stress intensity, 
!::.a crack length increment, mm 
!:::. a. 
J 
(5 .1) 
(Ref. 7) 
N 
mm 
3/2 
The manner of evaluation of f::.K. in Eq. 5-l is of some inter-
J 
est. Since f::.K changes over the internal, a crude assumption would be 
to use some intermediate crack length in calculating an average f::.K. 
To assure reasonable results, very small growth increments must be 
employed. 
An alternate approach adopted by Zettlemoyer 7 is to treat 
the combined terms behind the summation sign as an integral of 
itself. The evaluation employed the 32-point Gauss quadrature 
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formula19 • The accuracy of this approach permits use of larger 
crack increments in the summation process. Thus, the Gauss quadra-
ture formula is applied in all subsequent life estimates. 
The relative importance of stress range and initial and 
final crack sizes in life estimates may be deve~ped by considering 
Eq. 1. 2. Assuming the correction factors to be constant, the cycle 
life is predictable in closed-form fashion 7 • 
where a. 
l. 
2 
N = --------------------
C X CF 3 X 5 3 x TI 3 / 2 
r 
initial crack size 
af = final crack size 
In reviewing Eq. 5.2, the stress range is cubed while both crack 
(5. 2) 
lengths have a square root sign attached. This means that the error 
i~ the nominal stress range is more important than errors in the 
l. 
initial and final crack sizes. Error in the correction factor, CF, 
is also more important than crack size. The negative radical associ-
ated with each crack length typically places the weighted importance 
on initial crack size. Most definitions of failure generally cause 
af to be much larger than ai. The greater the differences between a. 
l. 
and af, the greater the importance of ai. 
The evaluation of ai is then the last ingredient that is 
required in Eq. 5.2. Unfortunately, a. is much more difficult to 
l. 
estimate than af. Nevertheless, several investigations have 
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established lower and upper limits of initial crack size for weld 
toes of a stiffener and cruciform joint at about 0.025 mm (.001 in.) 
and 0.50 mm (.02 in.), respectively' .. The average a. is between 
~ 
0.076 mm and 0.10 mm. Due to the geometry of the detail under inves-
tigation, the initial crack size will be taken as 0.50 mm in subse-
quent life predictions. 
Given the expression for stress intensity, the. life inte-
gration technique, and information on initial crack sizes, it is then 
possible to make fatigue life (cycle) estimates. The three model 
details are subsequently investigated and their lives are compared 
with those found under actual fatigue test conditions. 
5.2 Comparisons with AASHTO S-N Categories 
Life predictions for the detail models were calculated at 
stress ranges of 34.5 MPa (5 ksi) and 103.4 MPa (15 ksi). Failure 
was assumed to occur at the point when the crack length, a, was equal 
to half of the web thickness, T . This is due to the symmetry of the 
w 
weld connection about the centerline of the web thickness. The pre-
dieted values of fatigue life at the given stress ranges are plotted 
on a graph identical to that of Fig. 1.4. The plot is shown in 
Fig. 5.1. From the figure it is seen that as the weld angle is 
increased, the fatigue life estimation decreases at a given stress 
range. The fatigue life of model No. SA was reduced to that of Cate-
gorE of the AASHTO Code 5 • Category E includes cover plated beams 
and other attachments that contain a termination of a longitudinal 
-26-
fillet weld. This observation denotes the severity of the connection 
detail under investigation. The actual fatigue life of beams with 
similar details will be used as a comparison in the next chapter. 
In constant amplitude tests, Paris has shown that the 
stress intensity .threshold, LUeTH, is mean stress dependent 21 • R is 
defined as the ratio·of minimum stress to the maxium stress. As the 
mean stress or R ratio increases the stress intensity threshold de-
creases. For AS33B steel at R ratios of 0.1 and 0.8, ~ equals 
8.0 MPallii (7.3 ksi lin.) and 3.0 MPaltii: (2.7S ksi lin.), respec-
tively21. At welded details the R ratio will always be large due to. 
the tensile residual stress field. Due to this research, a ~~H 
value of 3.0 MPai:ID (2.7S ksi lin.) appears to provide a lower bound 
for constant cycle loading. 
The stress range, ~crTH, required for crack growth was cal-
culated for models lA, 4A and SA. A plot of ~crTH vs. crack depth is 
shown in Fig. S.2. Referring to model number SA, for a crack 0.8 mm 
(0.03 in.) deep, ~crTH equals 18.0 MPa (2.61 ksi). At a crack depth 
of S.l mm (0.2 in.) ~crTH equals 16.4 MPa (2.37 ksi). The fatigue 
limit is seen to have a general downward trend with increasing crack 
size. The entire curve for all three models falls well below the 
(lower confidence) fatigue limit defined by Category E of the AASHTO 
Code 5 • When considering the fatigue limit set by AASHTO, the stress 
range is actually the design stress applied at the location of the 
detail. This design stress only applies to the initial crack size 
and it is this value that can be compared to the AASHTO fatigue limits. 
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In reviewing Fig. 5.2, for an initial crack size of 0.5 mm, the fa-
tigue limit for all three models fall below that adopted by AASHTO 
for Category E. This indicates that the actual fatigue limit for the 
detail under investigation is lower than that developed for CategoryE 
for the worst combination of conditions - maximum possible initial 
crack size and minimum crack growth threshold. This can lead to 
shorter fatigue lives under low stress ranges. 
A computer program, developed .by Zettlemoyer, was used as 
an aid to predict fatigue lives. The program, Modlife, integrates 
the cycle life for selected increments of crack growth. The alge-
braic functions that were developed to estimate FG were substituted 
into the progrm for this study. 
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6. COMPARISON OF TEST RESULTS WITH ANALYTICAL MODEL 
6.1 Fatigue Life Testing of Beams Containing Web Attachments 
A few laboratory tests were carried out on several beams 
that included details similar to that found on the Dan Ryan Rapid 
Transit bents 20 • The beams that were used contained cover plates and 
the fatigue resistance of the cover plate details were the main objec-
tive of the tests. The web penetration .details were arbitrarily 
inserted at locations where the stress range at the tip of the 
inserted flange was about half the magnitude of the stress range at 
the end of.the cover plate. Details were inserted into four girder 
webs and were examined at nominal bending stress ranges' between 
9.3 MPa and 30 MPa (1.35 ksi to 4.35 ksi) 20 • Fig. 6.1 shows a photo-
graph of a test girder with two web inserts and two open flame cut 
slots. The thickness of the webs of the test beams was approximately 
20.3 mm (0.8 in.). 
The slots that contained the inserted steel plates were 
flame cut 51 mm x 406 mm (2 in. x 16 in.). A 51 mm x 406 mm x 203 mm 
(2 in. x 16 in. x 8 in.) steel plate was inserted into the slot as 
shown in Fig. 6.2. A 13 mm (0.5 in.) fillet weld was used to attach 
the steel plate to one side of the girder web as shown in Fig. 6.2. 
No weld was placed on the other side of the web. This condition was 
selected as it.represented the detail used on the Girard Point 
approach ramps. 
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It rapidly became apparent during the fatigue tests that the· 
simulated flange penetration had less than half the fatigue resistance 
of the full size cover-plated beam. Cracks developed at all web de-
tails before any cracking was detected at the cover plate end. 
Fig. 6.3 shows a fatigue crack which formed at the flange tip of a 
typical detail. It was necessary to retrofit these fatigue cracks by 
drilling holes,in the girder web at the crack tip in order to continue 
testing the girder and determine the fatigue resistance of the cover 
plate detail. Figure 6.4 shows a typical retrofitted detail. 
No apparent fatigue limit was observed for these details as 
all crackea. It was apparent, however, that stress ranges as low as 
7 MPa .(1 ksi) can be expected to develop fatigue cracks in relatively 
short periods of time 20 • Two slots were cut into a girder web and no 
flange plate was inserted. No special treatment was provided to the 
flame cut edge and sharp reentrant corners existed. The severity of 
the flame cut slot was either worse or at best equal to the welded de-
tail.~- Such a condition was anticipated as the 51 nnn (2 in.) high flame 
cut slot was about equivalent to a 51 nnn (2 in.) through the thickness 
crack. This suggested that the detail in question was at least as 
severe as a 51 mm (2 in.) web crack. The stress intensity range at 
suc:1 an initial crack is given by the relationship: 
lU( = s ;.rr; 
r 
where S is the nominal stress range and a is the half crack width 
r 
equal to 25.4 mm (1 in.). With a crack growth threshold of 3 MPa /,; 
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(2.75 ksi ~.),stress range of about 10 MPa (1.5 ksi) would result 
in crack propagation. 
Several of the web insert details and the rectangular cut-
out details were removed from the girder webs. The details contain-
ing cracks were then cut open to reveal the crack surface. Figure 
6.5 shows the surface of a crack that was growing diagonally across 
the longitudinal fillet weld joining the web to the inserted plate. 
Cracks growing from the corner of the inserted plate in the web are 
revealed in Figure 6.6. These particular cracks were retrofitted by 
drilling holes at the crack tips. These holes are also evident in 
Fig. 6.6. "An examination of the fracture surface around the welded 
region. showed an unfused region in the web plate. This' region was 
apparently the initiation site of the fatigue cracking. 
The surface of fatigue crack growing from the corner of the 
flame cut rectangular cutouts are shown in Fig. 6.7 and in Fig. 6.8. 
The chevron markings on the fracture surface verify the initiation 
point of the cracks to be at the corner of the cutout. The complete 
results of this study are included in Ref. 20. 
Additional testing of beams with web attachments that 
pierced or were welded against the web were undertaken at the Uni-
versity of Alberta in Edmonton, Alberta, Canada22 • The beams that 
were used included Wl6X36 and Wl4X22 rolled sections. The web thick-
ness of these beams was approximately 6.35 mm (0.25 in.). Each beam 
contained two details within a constant moment region. One detail 
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included a 0.305 m x 0.178 m x 0.019 m (12 in. x 7 in. x 3/4 in.) 
plate that passed through a flame-cut opening in the beam web and 
then fillet-welded all around. The other detail used two 
0.152 m x 0.178 m x 0.019 m (6 in. x 7 in. x 3/4 in.) plate brought 
up to the web and then fillet welded. Figure 6.9 illustrates the 
test girder with the web attachments. 
The fatigue life of both details at the same stress range 
showed no significant difference. The data also fell within the 
limits of Category·E as defined in Fig. 1.4. The results of this 
study, when considering fatigue life, were considerably higher then 
the results of the testing reported in Ref. 20. 
For the case including the web penetration by a flange 
plate, the thickness of the web of the test beam is very significant 
in the results obtained. The beams that included this detail in 
Ref. 20 had a relatively thick web of 20.3 mm (0.8 in.). Since the 
flange plate was only welded on one side of the web, an appreciable 
area in the web was left unfused between the flange plate and the 
web. This resulted in a large flaw at the end of the flange plate in 
the web before the testing was even started. This condition reduced 
the fatigue lives of the test beams to that well below Category E. 
The tests that were conducted at the University of Alberta had welded 
both sides of the web to the flange plate. This welded detail, and 
the use of beams with thinner webs, resulted in a negligible unfused 
region beneath the fillet welds. This condition very closely re-
sembles the case of the flange plates welded on each side of the web 
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and therefore similar fatigue lives are encountered. The analytical 
model for the case of no web penetration.agrees with the results of 
the tests done at the University of Alberta. Figure 5.1 shows that 
the predicted fatigue life at various stress ranges follows closely 
to that of Category E. This estimation is valid only when there is 
complete fusion through the thickness of the web as is the case with 
no web penetration, or with penetration in relatively thin webs. 
Further testing has been carried out on beams containing 
web attachments without web penetration23 • The attachment plates 
were welded up against the sides of the web of the test girder. 
Several of. the plates were fillet welded in place while others were 
groove welded. The purpose of varying the welding procedure was to 
simulate the conditons found in actual structures. By groove welding 
the side plate onto the web, the most severe stress concentration con-
dition will develop. This is due to the right angle that is created 
at the junction of the plate to the web which is characteristic of 
groove welds. 
The results of the fatigue tests performed in Refs. 20, 22 
and 23 are shown in Figs. 6.10 and 6.11. Figure 6.10 centers on 
fatigue test results of beams with relatively thick webs pierced by 
flange plates. The results that are plotted are from Refs. 20 and 23. 
The lower fatigue lives that are shown by the tests in Ref. 20 indi-
cate the severityofthe unfused regions that were located behind the 
welds in the detail. These particular details were only fillet 
welded on one side of the web, thus amplifying the factor. The 
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results of fatigue tests from Ref. 23 follow Category E'. The web 
inserts from these tests were fillet welded on both sides which in-
creased their fatigue life over that from Ref. 20. Figure 6.11 shows 
the results of four different testing conditions. All of the data, 
however, focus on details with full fusion through the thickness of 
the web. The results that are plotted are taken from Refs. 22 and 23. 
The four conditions include two from Ref. 22 and two from Ref. 23. 
The testing conditions in Ref. 22 are shown in Fig. 6.9 and include 
both web penetration and side plates fillet welded up against a thin 
web. The data shown from Ref. 23 include beams with side plates 
welded ont0 the sides of the girder web with fillet welds o:r groove 
welds. The results from Ref. 22 fall within the limits. of Category E. 
Both conditions have similar fatigue lives due to welding on a thin 
web plate. 
6.2 Comparison of Crack Shape Variation Relationships 
with Test Measurements 
Several cracked details were examined to determine the 
actual crack shape variation during growth •. Beams with web penetra-
tions and with flange plates welded on both sides of the web were 
included. The cracked regions were split apart to reveal the frac-
ture surface. Measurements were made of major semidiameters and 
minor semidiameters of elliptical markings on the fracture surface. 
Figure 6.6 shows several elliptical patterns growing from the welded 
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region of a web insert welded on one side. Several of the details 
that were examined had several initiation sites on different planes. 
This made the fracture surface look very jagged and difficult to mea-
sure accurately. The data that was collected is shown in Fig. 4.1 
along with the crack shape variation relationships used in the analy-
sis. Three different relationships are shown. The data reasonably 
follows the solid curve in the figure. This solid curve was used as 
the approximation to the crack shape variation with crack depth in 
all of the analysis. 
6.3 Application of Analytical Model to Account for Web Penetration 
The analytical model that was used to predict fatigue life 
was based on the assumption that there was full fusion through the 
thickness of the web. The model simulates the case where two plates 
are welded up against the sides of a girder web and for the case 
where there is penetration by a plate·in a relatively thin web. To 
account for web penetration in girders with thick webs it is neces-
sary to modify the solution obtained with the analytical model. 
There are two basic configurations that can be used with 
web penetrations. The first case involves a flange plate piercing 
the web of a girder and welded in place on one side only. The second 
case incorporates welding on both sides of the web. An investigation 
will be made as to the determination of fatigue lives of both cases 
attached to girders with relatively thick web plates. Figure 6.6 
shows the case of a web penetration welded on one side only. The 
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area of fusion can be determined as a percentage of the overlapping 
area of the two intercepting plates. The overlapping area is de-
fined as the product of the thickness of the web times the thickness 
of the penetrating flange plate and is shown in Fig. 6.12. From Fig. 
6.6 and similar photographs of the detail, it has been determined 
that the fused area is equal to approximately 40% of the overlapping 
area as shown in Fig. 6.12. This condition causes the effective 
stress in the fused area to be about 2-1/2 times greater than it 
would be if there was full fusion. If the flange plate was welded in 
place on both sides, the fused area would then be approximately 80% 
of the overlapping area as shown in Fig. 6.12. The effective stress 
in the fused area would then be about 1-1/4 times greater than it 
would be if there was full fusion. 
The analytical model can be modified and used for the two 
special cases if appropriate stress amplification factors are applied 
to the stress intensity equation. The effect of the stress amplifi-
cation would be to reduce the cyclic life at a given nominal stress 
level. The predictions for both cases are shown in Fig. 6.10. The 
detail with one welded side is designated as Case I. Case II refers 
to the detail welded on both sides. The prediction for Case II fol-
lows the fatigue resistance provided for Category E'~ The prediction 
for Case I falls well below this level and is in agreement with test 
results shown in Fig. 6.10. The available test results from Ref. 23 
are compared with Case II in Fig. 6.10 and show good agreement with 
the predicted fatigue life estimates. The proportions set up 
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comparing the fused area to the overlapping area were based on a web 
thickness of 20.3 mm (0.8 in_.) and a flange plate thickness of 
50.8 mm (2.0 in.). Predictions can be easily made for other combi-
nations of thicknesses by inserting the appropriate stress amplifica-
tion factor for a specific combination in the stress intensity equ-
ation, based on the proportional areas. 
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7. SUMMARY AND CONCLUSIONS 
The intent of this study has.been to determine fatigue life 
estimates for typical structural, welded details. The basis for this 
prediction stems from determination of the stress gradient correction 
factor, FG, which modifies the stress intensity at any given crack 
length. The development of stress intensity expressions which pro-
perly consider differences in crack shape also aided the fatigue esti-
mate correlations. The important steps and findings of the thesis and 
recommendations for further work may be itemized as follows: 
1. Stress concentration factors have been established for web 
inserts and side attachments by use of the finite element 
technique. For each idealized geometry a singular elastic 
stress condition exists at the weld toe. Thus, local stress 
concentration continues to rise as the mesh size is reduced. 
Reasonably accuracy of the stress gradient correction at 
small crack lengths requires that the mesh size adjacement 
to the weld toe be less than the expected initial crack size. 
2. Stress concentrations at weld toes were relatively unaf-
fected by increasing the width of the flange plate welded to 
the web or by increasing the thickness of the web. Stress 
concentrations at weld toes increased considerably as the 
weld angle increased. Details containing a 45 degree weld 
angle typically had concentration factors between three and 
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and four. For a detail with the weld angle close to that of 
a right angle, the stress concentration approached ten. 
3. Given the stress concentration factor distribution along the 
prospective crack path, the stress gradient correction 
factor, FG' is evaluated using the Green's Function proposed 
by Albrecht12 • The stress gradient correction curve (with 
maximum value SCF) is always above the stress concentration 
factor decay curve for structural details. However, at 
large distances from the point of maximum concentration the 
two curves converge. 
4. The stress gradient correction factor curves derived from 
Albrecht's Green's Function are correlated with expressions 
for stress concentration factor decay from an elliptical 
hole in a plate. The relative size of the ellipse and appro-
priate axis are established by the stress concentration 
factor for the detail. The absolute size of the ellipse is 
determined by geometry with particular emphasis on the dimen-
sion over which decay occurs. The correlated ellipse is 
used to predict the FG correction at any crack size for 
fatigue life estimate purposes. 
5. Crack growth generally originates at more than one location 
along transverse weld toes. Hence, crack coalescence occurs 
and is considered in the decision on crack shape. At early 
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stages of growth the shape variation equation reflects a 
tendency to a circular shape. A second equation for later 
growth incorporates coalescence and a trend toward a flat, 
through shape. 
6. Crack shape has a pronounced influence on cycle life predic-
tions. Whether or not coalescence is considered, all crack 
shape equations are questionable. Extensive research is 
required to determine the crack shape variation at different 
details and how shape relates to correction factors, FG' Fs 
and F . 
w 
7. Initial crack size is important to the cycle life predic-
tion. Yet, the extent of study on discontinuities resolve 
if and how the discontinuity size varies for different types 
of details, different weld sizes, different weld electrodes 
and processes. 
8. Correlations between estimated and actual fatigue lives for 
web inserts were very similar. Web inserts in relatively 
thin webs and details with flange plates welded on both sides 
of the web followed the fatigue curve set up by AASHTO for 
Category E since very little lack of fusion existed. Web 
inserts welded on both sides of a thick web had fatigue 
lives comparable to Category E' because lar·ge lack of fusion 
areas existed .. Web inserts welded on only one side of the 
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web resulted in the most severe condition and possessed 
short fatigue lives. Groove welded details were more severe 
than those that were fillet welded. This was due to the 
added constraint due to the welding procedure and the higher 
stress concentration that developed at the weld toe. 
9. Detail geometry affects the stress concentration and stress 
gradient correction factors and ultimately influences 
fatigue limits. Details with ·high FG at the initial crack 
size can have fatigue limits well below those published in 
the AASHTO Specifications. New research should be directed 
at repositioning the fatigue limits to more properly reflect 
the extremes of detail geometries. 
10. Crack initiation appears to play a negligible role in the 
fatigue life of a bridge detail. Since life estimates based 
on propagation alone are greater than actual lives, crack 
initiation estimates would only increase the magnitude of 
disagreement. Also, high stress co~centration at fillet 
welded details seriously curtails any possible initiation 
activity. 
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NOMENCLATURE 
= crack length or minor axis semidiameter of an ellipse 
= initial flaw size 
= final flaw size 
= incremental crack size for fatigue crack growth 
= major axis semidiameter of an ellipse 
= length of flange plate 
= material constant in crack growth equation 
= combined correction factor 
= depth of girder web plate 
= rate of fatigue crack growth 
= modulus of elasticity 
= crack shape correction factor 
= stress gradient correction factor 
= front free surface correction factor 
= finite width correction factor 
= stress intensity factor 
= stress concentration factor 
~j = average stress concentration over the increment of fatigue 
crack growth 
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= stress intensity factor range 
= stress intensity threshold range 
L = distance from plate surface to some depth into the thickness 
of the plate 
Lj,Lj+l =distance from crack originto the near and far sides of 
finite element j 
m = number of elements to crack length a 
n = constant in crack growth equation 
N = number of cycles for a flaw to grow from an initial size 
R 
SCF 
s 
r 
T 
w 
w 
to a final size 
= ratio of the minimum stress to the maximum stress 
= maximum stress concentration factor 
= nominal stress range in web plate 
thickness of flange plate 
= thickness of web plate 
= thickness of plate containing a crack 
= width of flange plate 
a 
=-
T 
w 
L 
=-
T 
w 
a = nominal stress in web plate 
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stress range required for crack growth 
= Poisson's Ratio 
-44-
Table 1.1 AASHTO Allowable Range of Stress for Fatigue 
Cycles 
Detail Over 
Category 100,000 500,000 2,000,000 2,000,000 
A 413.7 MPa 248.2 MPa 165.5 MPa 165.5 MPa 
(6o I<si) (36 ksi) (24 ksi) (24 ksi) 
B 310.3 189.6 124.1 110.3 
(45) (27.5) (18) (16) 
c 220.6 131.0 89.6 69.0, 82.7* 
(32) (19) (13) (10) (12*) 
D 186.2 110.3 69.0 48.3 
(27) (16) (10) (7) 
E 144.8 86.2 55.2 34.5 
(21) (12.5) (8) (5) 
F 103.4 82.7 62.1 55.2 
(15) (12) (9) (8) 
* For transverse stiffener welds on webs or flanges 
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Table 2. 1 Summary of Web Detaii Models 1- 5 
·-
Parameters Studied 
Model . J . . -~ .. -. Weld B T WF TF d No. w w Angle 
----
1 0. 406 M 0.019 M 0.406 M 0.051 M 0.381 M 45° 
(16 in) (.75 in) (16 in) (2 in) (15 in) 
··-
2 0.762 0.019 0.406 0.051 0.381 45° 
(30) (. 75) (16) (2) (15) 
3 0.762 0.025 0.406 0.051 0.381 45° 
(30) (1) (16) (2) (15) 
4 0.406 0.019 0.406 -0.051 0.381 63.4° 
(16) (. 75) (16) (2) (15) 
5 0.406 0.019 0.406 0.051 0.381 75.9° 
(16) (.75) (16) (2) (15) 
-46-· 
( 
Table 2. 2 SCF of Web Detail Models 1- 5 
Nondimensionalized Parameters ' 
-· --··--
-. 
-
-·-··· 
B T WF TF d SCF Model ·W w Weld - --
No. Bl Twl WFl TFl dwl Angle SCF SCF1 
-- -·- . -. --- --
1 1.00 . 1.00 1.00 I 1.00 1.00 45° 3.18 1.00 
. 
2 1.88 1.00 1.00 1.00 1.00 45° 3.15 0.99 
3 1.88 1.33 1.00 1.00 1.00 45° 3.30 1.04 
4 1.00 1.00 1.00 1.00 1.00 63.4° 6.31 1.99 
5 1.00 1.00 1.00 1.00 1.00 75.9° - 9. 84 3.10 
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Table 2.3 K.r Decay for Models lA, 4A and SA 
SCF 
4.21 S.46 7.02 
K.r Stress Concentration Model Model Model 
.?(fw 1A 4A SA 
Model Model Model KT K.r K.r 1A 4A SA - -SCF SCF SCF 
,..c: 0.083 1.424 l.SSl l.S94 0.338 0.284 0.227 
C/l 0.2SO 1.088 1.113 1.222 0.2S8 0.204 0.174 Q) 
::E: 0.417 1.022 1.031 1.037 0.243 0.189 0.148 
Q) O.S83 1.003 1.010 1.007 0.238 0.18S 0.143 Cll· 
1-1 0.7SO 0.988 1.008 0.988 . 0. 23S 0.184 0.141 t'd 
0 0.917 0.980 l.OOS 0.977 0.233 0.184 0.139 u 
--
0.017 2.184 O.Sl9 
0.067 l.S44 0.367 
0.133 1.281 0.304 
0.200 l.lSO 0.273 
0.283 I 1.073 0.2SS 
,..c: 
C/l 0.003 S.326 S.944 0.97S 0.847 Q) 
::E: 0.008 3.437 3.728 0.629 O.S31 Q) 0.014 2.888 3.109 O.S29 0.443 s:: 
~ 0.019 2.S68 2.746 0.470 0.391 ~ 
0.028 2.26S 2.397 0.41S 0.341 
0.039 2.003 2.101 0.367 0.299 
o.oso 1. 826 1.906 0.334 0.272 
0.069 1.623 1.680 0.297 0.239 
0.097 1.430 1. 468 0.262 0.209 
0.139 1. 309 1. 337 0.240 0.190 
,..c: 
C/l 
Q) 
0.003 3.764 0.894 ::E: 
Q) 0.010 2.609 0.619 s:: 0.017 2.2S6 O.S36 ~ 4-1 0.023 2.0S6 0.488 t'd 1-1 0.030 1.941 0.461 ~ M 
::::> 
-40-
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I' 
Table 3.1 FG Values at Various Crack Lengths, A 
~J A (mm) A (in.) FG (A)* FG SCF 
.0635 .0025 3.7637 .8937 
.1270 .0050 2.9937 • 7108 
< ~1905 .0075 2.6696 .6339 
.-l 
.-l 1.5875 •. 0625 1. 5140 .3595 Q) 
'1:1 
0 3.1750 .1250 1. 2681 .3011 ::E: 
6.3500 .2500 1.1251 .2671 
9.5250 .3750 1. 0722 .2546 
I 
.0533 .0021 5.3264 .9754 
.1600 .0063 3.5654 .6529 
< 
.2108 .0083 3.2275 .5910 .._,. 
.-l 
.3175 .0125 2.8322 .5186 Q) 
'1:1 
0 1. 5875 .0625 2.5251 .4624 ::E: 
3.1750 1 .1250 I 1. 3435 .2460 
9.5250 .3750 1.1082 .2029 
.0533 .0021 5.9441 .8466 
.1600 .0063 3.8754 .5520 
< 
.2108 .0083 3.5047 .4992 lr'l 
.-l 1. 5875 .0625 1. 7148 .2442 Q) 
'1:1 
:S 3.1750 .1250 1.4454 .2059 
6.3500 • 2500 . 1.1954 .1703 
9.5250 .3750 1.1175 .1592 
* See Eq. 3.6 
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Fig. 1.1 Casualty Girders Located on Day Ryan Rapid Transit Line 
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I 
Ln 
~ 
I 
Fig. 1.2 Crack Originating at Bottom of Flange Plate in Web 
--~--
Fig. 1.3a Portion of Web Plate Removed from Bent No. 24 
Fig. 1.3b Fatigue Crack Striations Taken at 22,000X 
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Fig. 1.4 Design Stress Range Curves for Detail Categories A toE 
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Fig. 2.1 Detail Under Investigation.. Photo taken of the 
Girard ·Point Bridge in Philadelphia 
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Fig. 2.2 Detail Geometry for Parametric Study 
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Fig. 2.3 Stress Concentration Analysis Procedure 
-56-
I 
\Jl 
--.:1 
I 
~ 
I 
I 
-
~ 
10 
C\J 
<0 
Q 
0 
@, 
~ 
u.. 
3: 
m 
U) 
v 
Q 
0 
@ 
v 
~ 
U) 
10 
q 
~l (900 ~ .~ «>q 
10 @ 0.0435 WF .13@.0217WFII2 @.0078WF 19@.0156 13@0313 WF! I 
I l I I I 
Fig. 2.4 Basic Coarse Mesh Used for all Modeling 
-.-
LL. ;:: 
({) 
0 
0 
0 
@ 
0 
LL. 
~ 
CX) ~- .... 
,_ 
0 
0 
0 
LL. 
-f-
LL. ~ 
t() 
C\J 
0 
0 
-L. 
~ 
~ 
"" 
"" 
"" ~ 
"" 
"" 
"" ~ 
I 
1- 20 @ 0.0016 WF -I 
Fig. 2. 5 Fin.e Mesh Used for Models 1, 2 and. ·.3 
-58-
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
"" 
"' 
Models I , 2 S 3 
"' 
"" 
"" 
"" ~ 
"" 
"" 
"" 
+ 
1 
+ ) 
j 
\ + 
) 
\ 
} 
) 
+ -'- + + + + 
\_Interpolated Displacements 
+ + + 
Fig. 2. 6 Displacement Input to Fine Mesh From Coarse Mesh 
Output 
-59-
@ 
~ 
.., 
0 q 
-
~ 
-
-
-
~ ~ 
~ 
r- 1\ 
' 
~ 
H 
" 
~ 
f--
f-
~ 
~ ,... 
~ ,__ 
r- '-
-
= -
-
f.-
- -
~ !'-'" 
~ 
-
~ 
-
.... ~ 
I 4@ .0013 WF I 3 6) a @ 1 3 (ii) l ·I. 4 (Q) I 2@ D007WF .0003Wf' .00013WF .0003WF 2 @.0007WF .0013 
I I I I I I 
Fig. 2. 7 Fi'ne M~gt}_ Used For Hodels 4 and 5 
+ 
+ 
-t 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
..... 
+ 
+ 
Fig. 
-4-
...-
1\ Models 4 a 5 
1\ 
\ 
.I 
r\ 
~ 
' ~ 
~~~~~~~~§§~~~~~~~II~~~~~~~~~+ C:l: -  
- ... 
~~----------+-----~---4-+-+-~~44++~-1--+-----+---~~r+ 
~~---------~----+---~-4-+~HH44~~~-+---~------H, 1~+ 
-+ 
j I. 
t- t- .... +- 1- + t++ 1---H-H t- + + 
Li'nterpolated Displacements 
+ + + 
2.8 Displacement Input to Fine Mesh From Coarse 
-61-
Mesh Output 
·~ 
~ 
' r\. 
' ~ ~ 
' 
" " l1.. 3: 
<D 
0 
0 
!'-
~ 
" r\. 0 
I 0 0'\ 
1\) 
@ I ' ~ ~ 
1.0 ~ (\J 
" ~ 
1- 40 @ 0.00016 WF -I 
Fig. 2.9 Ultra-Fine Mesh Used for Models 1, 2 and 3 
I 
0'1 
VJ 
--I 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
~~ 
~ 
' ~ I\. 
~ 
+ 
+ 
+ 
+ 
+ 
+ 
+-
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
1\. 
~ 
~ 
~ 
' 
" 1\. ~ 
" 
' 
' 
' 
Models I, 2 8 3 
" 
+ 
+ 
+ 
+ 
+ 
+}}t+t++++++++L+++++t+++++++++++t+++t++t+ 
Interpolated Displacements 
Fig. 2.10 Displacement Input to Ultra-Fine Mesh From Fine Mesh Output 
lJ.. 
(.) 
CJ) 
.......... 
..,_ 
~~ 
1.0 
0.8 
f 0.4 
0 0.1 0.2 0.3 
Model I 
4 
5 
0.4 . 0.5 
L/.5WF 
0.6 0.7 
Fig. 2.11 Kt Decay Curve§. for Models lA, 4A and 5A 
0.8 0.9 1.0 
lL 
u 
en 
I ......... 
(}'\ 
IJl LL<!> 
I 
0.4 
0.2 
0 
FG _ I 
SCF - I + 0.88A 0.5 76 
2 3 4 5 6 7 8 9 10 
A (mm) 
Fig. 3". 1 F G v:~, A Decay Curve for Model No. 1 A 
IJ.. 
u 
(f) 
1'-
~ IJ..<!) 
I 
1.0 
0.8 
0.4 
0.2 
0 2 3 4 
FG _ I 
SCF - 1 + 1.16 A 0.580 
5 
A, mm 
6 7 
Fig. 3.2 FG vs A Decay Curve for Hodel N8. 4A 
8 9 10 
LL.. 
(.) 
(/) 
•' ~~ 
I 
1.0 
0.8 
0 
• 
2 3 4 
FG _ I 
SCF - I + 1.52A0·600 
5 
A,mm 
6 7 
Fig. 3.3 F G vs A Decay Curve for Ivlodel No. 5A 
8 
I 
()"\ 
co 
I 
0.8 
0.6 
alb 
0.4 
0.2 
0 
,.,..---
}/ 
1\ 
\ 
\ 
' 
' 
I b=l.296a
0
·
946 
---------
-----~- ...... 
---
--
----
---
----------
---
----
---
/ 
A> 
/ 
,_--
0 D 
b = 1.506a1•241 
0 
b = 3.355 + I. 2 9 a o No Web Penetration 
4 e 12 16 
o Web Penetration Welded On One 
Side Only 
20 24 28 32 
a, mm 
Fig. 4.1 Crack Shape Variation With Crack Depth 
36 
500 
c Category a.. 
~ A 
.. 
~ 
(/) B 
w (stiffeners) (!) 
z 
I <( (other attachments) 0'\ a:: 
\.() 
I (/) D (/) 
w 
a:: 
I-
(/) 
Model • 
4 • 5 & 
Fig. 5.1 Comparison of Model Fatigue Lives with Detail Categories A to E 
4 
·- 3 fl) 
~ 
..c 
-b 
<]2 
~~~~~--r-~--r-~--~~--,_--~~~35 
"-_ AASHTO Fatigue Limit (category E) 
lA 
~--4A 
r----5A 
a , in. 
Fig. 5.2 Fatigue Limit Variation with Crack Size 
-70-
..c 
-b 
15 <l 
10 
I I 
Fig. 6.1 Test Girder with Web Penetrations and Open Slots 
-71-
A 
Fig. 6.2 Detail of Inserted Plate 
-72-
---- J 
Fig. 6.3 Cracked Weld of ~ns~tted Plate 
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Fig. 6.4 Retrofitted Inserted Plate 
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Fig . 6 . 5 Crack Surface Growing Diagonally Along Fillet 
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Fig. 6.6 Crack Surface Growing from Corner of Heb Insert 
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Fig. 6.7 Crack Surface Growing from Corner of Cutout 
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Fig. 6.8 Crack Surface Growing from Corner of Cutout 
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